Chelation-controlled molecular morphology: aminal to imine rearrangements by Clegg, Jack K. et al.
ISSN 1477-9226
Dalton
Transactions
An international journal of inorganic chemistry
www.rsc.org/dalton Volume 41 | Number 15 | 21 April 2012 | Pages 4265–4700
COVER ARTICLE
Clegg, Kim et al.
Chelation-controlled molecular morphology: aminal to imine rearrangements
Pu
bl
ish
ed
 o
n 
29
 F
eb
ru
ar
y 
20
12
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 02
:17
:40
. 
View Article Online / Journal Homepage / Table of Contents for this issue
Dalton
Transactions
Dynamic Article Links
Cite this: Dalton Trans., 2012, 41, 4335
www.rsc.org/dalton PAPER
Chelation-controlled molecular morphology: aminal to imine
rearrangements†
Jack K. Clegg,*a,b Jack Harrowfield,c Yang Kim,*d Young Hoon Lee,e Jean-Marie Lehn,b Woo Taik Limf
and Pierre Thuéryg
Received 24th November 2011, Accepted 6th January 2012
DOI: 10.1039/c2dt12250b
Reactions between the tripodal hydroxytriamine, 2,2-bis(aminomethyl)-3-aminopropan-1-ol, “hytame”,
and the isomeric pyridine aldehydes generate in all cases the tris(aminal) species based on a 1,3,5-triaza-
adamantane skeleton. In all cases also, the product from water under basic conditions consists of an
approximately 1 : 9 mixture of the triequatorial and monoaxial–diequatorial isomers. While all these
tripyridyltriaza-adamantanes appear capable of acting as Lewis bases, in particular cases metal ion
binding leads to a radical structural rearrangement. These cases involve the pyridine-2-aldehyde
derivatives only and certain transition metal ions (notably Fe(II)), and result in the conversion of the tris
(aminal) into its isomeric tris(imine) form. This is apparently favoured because it can act as a hexadentate
ligand towards a single metal ion, although kinetic influences are clearly important in this chemistry
because template reactions of the triamine, pyridine-2-aldehyde and several metal ions give much better
yields of the tris(imine) complex than do analogous rearrangement reactions. For the low-spin, kinetically
inert Fe(II) complex of the tris(imine), its formation is apparently so favourable that it is generated via
aldehyde unit exchange when the aza-adamantanes derived from pyridine-3- and -4-aldehyde are heated
with a mixture of Fe(II) and pyridine-2-aldehyde. When the kinetically labile Zn(II) complex is treated
with EDTA, the metal ion is extracted but the released ligand does not undergo valence tautomerisation to
what would be expected to be the triaxial isomer of the tripyridyltriaza-adamantane but instead rapidly
undergoes partial hydrolysis before slowly forming the mixture of triequatorial and monoaxial–
diequatorial isomers.
Introduction
Paradoxically, while the formation of imines, in particular of
functionalised Schiff bases, has long been known to be suscep-
tible to metal ion catalysis1 and a vast range of stable metal–
imine complexes exists,2–4 it is also well known that coordinated
imines readily undergo various addition (including reduction)
reactions5–8 which, in the case of water, can even lead to com-
plete hydrolytic dissociation of the imine.9,10 This means that
bound imines in particular constitute units of potential interest in
dynamic constitutional chemistry.11,12
In general, the addition of nitrogen nucleophiles to the unsatu-
rated carbon of a carbonyl group can lead to various products,
imines amongst them, depending upon factors such as the exact
nature of the nucleophile, the possibility of (multiple) ring for-
mation, the presence of the proton or metal ions as catalysts or
reactants, and physical factors such as reaction rates and the
temperature.13 In the particular case of an amine as the nucleo-
phile, elimination of water from the direct, hemi-aminal addition
product14 can give rise to the simple imine but this is in itself
a reactive electrophilic species, so that it is frequently not the
major product obtained under conditions where the amine and
the carbonyl compound alone are mixed together.15 Indeed, the
isolated product need not even have the 1 : 1 carbonyl : amine
stoichiometry expected for an imine, perhaps the best-known
example of this being the case of the formaldehyde : ammonia
adduct hexamethylenetetramine (urotropine; 1,3,5,7-tetra-aza-
adamantane),15,16 and another example is provided by “hydro-
benzamide”,17 although much more common are the cases, such
as the family of triazacyclohexanes,15 where 1 : 1 stoichiometry
does apply. Both urotropine and the triazacyclohexanes are
aminals, and the aminal unit is found in a great variety of
more complicated systems including polycyclic (poly)amine
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derivatives18 (some used as explosives precursors19), both
macrocyclic8c,8d,20 and macrobicyclic8c,21 ligand metal ion com-
plexes, and intermediates for the selective alkylation of poly-
amines22 or for amine exchange in bioactive materials.23
Aminal-N is a good donor and an extensive coordination chem-
istry is known for aminal ligands, both preformed18a,b,20,24–29
and as generated in template reactions,3a,8b,c,d,30 coordination of
the former sometimes resulting in metal-ion-induced rearrange-
ment to imine species.
A particular system of present interest is that of the tris-aminal
1,3,5-triaza-adamantane species, potentially at least a mixture of
isomers (Fig. 1) obtained by reacting the tripodal amine “tame”
(1,1,1-tris-aminomethylethane) or its hydroxy derivative
(“hytame”; tris(aminomethyl)ethanol) with certain aromatic
aldehydes,18d,31–33 a species also recognised to be the probable
product of the reaction between tris(aminomethyl)methane
(tamm) and pyridine-2-aldehyde.34 Other recent interest in
triaza-adamantanes has been focussed on the reversibility of
their formation under acidic conditions and the potential utility
of their formation from functionalised aromatic aldehydes in
dendrimer synthesis.31 The nature of the aldehyde functionalisa-
tion is important, since salicylaldehyde and its derivatives, for
example, give rise to tris(imine) derivatives with tamm, tame
and hytame,18d,34–37 and the delicate balance between the imine
and aminal forms possible in systems of this type is nicely illus-
trated by the fact that tris(aminomethyl)phosphine will react with
pyridine-2-aldehyde to give either the phosphatriaza-adamantane
or the phosphine tri-imine depending on the reaction con-
ditions.38 In the present context it is also of particular signifi-
cance that tame and pyridine-2-aldehyde are known to react very
rapidly (Fig. 2(a)) in the presence of Fe(II) and several other tran-
sition metal ions to give the bound tri-imine39–41 (and that tamm
and Fe(II) react similarly34).
It is also known that the triaza-adamantane derived from tame
and pyridine-2-aldehyde undergoes rearrangement (Fig. 2(a)) on
reaction with Fe(II)32 (though seemingly not with lanthanide32 or
other transition metal ions41) to give the tri-imine bound as a
hexadentate species through the imine- and pyridine-N donor
atoms40a but the kinetics and mechanism of this process have
not been defined in any detail and it is unknown if triaza-
adamantanes unable to form chelating imines can be caused to
undergo aldehyde-unit exchange in the presence of metal ions to
generate chelating species. The triaminal to tri-imine reaction is
an interesting example of valence tautomerisation (Fig. 2(b)) and
presumably, in the absence of proton sources, must occur as
a concerted process involving a change in geometry from tetra-
hedral to trigonal for three C and three N centres. An issue in
regard to the metal ion-catalysed rearrangement is whether it is
dependent upon the isomeric form of the triaza-adamantane,
especially given that the form most obviously closely related to
the pendant hexadentate ligand is the unknown triaxial isomer.
All these questions were the subject of the present work based
upon the reactions of hytame with the isomeric pyridine
aldehydes.
Results and discussion
1. Synthesis of the triamino-mono-ol,2,2-bis(aminomethyl)-3-
aminopropanol, “hytame”
The tripodal amine 2,2-bis(aminomethyl)-3-aminopropanol,
hytame, is readily obtained via selective protection of pentaery-
thritol (2,2-bis-hydroxymethyl)-1,3-propanediol)18d or, as in the
present work, from the commercially available tribromo deriva-
tive of pentaerythritol. In both instances, the triazide 2,2-bis
(azidomethyl)-3-azidopropanol is produced as an intermediate42
and then reduced to the triamine using LiAlH4 or hydrogen. The
trihydrochloride of this triamine crystallises readily from
aqueous solution on addition of ethanol and a single-crystal
X-ray structure determination performed as part of the present
work has shown the trication to adopt a chiral conformation,
with hydrogen-bonding involving the protonated amino groups,
the hydroxyl group and the chloride anions (Fig. 3) leading to a
network involving both enantiomers. The chloride anions
mediate all intercationic interactions, the only direct hydroxyl–
ammonium group interaction being intracationic.
Fig. 1 Isomeric forms of the triaza-adamantane derived from hytame and an aldehyde (a = axial, e = equatorial).
4336 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
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2. Synthesis of 1,3,5-triaza-8-hydroxymethyl-2,4,6-tris
(pyridyl)-adamantanes, TZA2, TZA3 and TZA4
While hytame and the three isomeric pyridine aldehydes are
quite water soluble, the triamine reacts with all three aldehydes
to give products which are of low solubility in water at room
temperature, so that water is a convenient solvent for synthesis,
although a variety of solvents including methanol (as known for
related systems18d,31,32) and dimethylsulfoxide (DMSO; see
ahead) can be used. In basic (pH ∼10) aqueous medium at room
temperature, the reactions of hytame (∼0.1 mol L−1) with
slightly more than a threefold molar amount of any one of the
aldehydes were fairly slow in the sense that precipitates only
started to appear after several hours, though several processes
preceded this (see part 3 below). The reactions were
accompanied by the Cannizzaro reaction, which was particularly
prominent in the case of pyridine-4-aldehyde. After 24 h, the
precipitates obtained from the reactions involving pyridine-2-
and -3-aldehydes were highly crystalline, while that from
pyridine-4-aldehyde was usually partly amorphous. On the basis
of chromatographic (TLC) and spectroscopic (1H NMR)
measurements, however, all three precipitates appeared to be
mixtures, the clearest spectroscopic evidence for this being the
number and relative intensities of methine-proton peaks observed
Fig. 2 (a) Template (left) and rearrangement (right) syntheses known for the complex [Fe(time)]2+; (b) Possible valence tautomerisation of the
tri-imine/triaza-adamantane derived from hytame and pyridine-2-aldehyde.
Fig. 3 Left, a view down c of the contents of the lattice of [hytameH3]Cl3; right, the trication [hytameH3]
3+ and its H-bonding interactions (striated
bonds). H atoms are shown as small white spheres. Grey = C, blue = N, red = O, green = Cl.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4337
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in the δ 5–7 ppm region (Fig. 4) of the NMR spectra. Note that
none of these spectra showed peaks which could be assigned to
an imine CH proton resonance (singlet near δ 9 ppm). Although
TLC, both analytical and preparative on alumina, seemingly
gave clear separations of each of the present products into two
components, the 1H NMR spectra of the materials isolated from
the separated fractions showed the leading band always con-
tained two species, the trailing band largely one species, and
both bands to contain free aldehyde, possibly indicating that
both decomposition and interconversion were catalysed by the
adsorbent surface. At least in the case of the pyridine-4-aldehyde
product, the major component of the trailing band was ultimately
identified as 4-pyridylmethanol resulting from the Cannizzaro
reaction of the aldehyde in the basic reaction medium. (Con-
sistent with this, the product was not observed when the reaction
was accelerated by metal ion catalysis.) Ultimately, fractional
crystallisation was adopted as the most convenient means to sep-
arate the components of the different reaction products, although
the influence of kinetic/temporal factors was reflected in minor
variations in the composition of corresponding fractions from
repetitive syntheses. In all cases, one or two crystallisations of
the bulk products from methanol by the addition of water proved
sufficient to give a single material, subsequently established by
X-ray structure determinations (see ahead) to be the monoaxial–
diequatorial (ae2) isomer of the 1,3,5-triaza-8-hydroxymethyl-
2,4,6-tris(pyridyl)-adamantane, TZA2, TZA3 or TZA4 (the
numbers here denoting the pyridine-aldehyde isomer used), in
essentially pure form. This appeared always to be the dominant
product isomer and, as described in the Experimental section, it
was possible to obtain only this isomer in the precipitated
product by using relatively dilute reaction mixtures. Isolation of
the other reaction products was more capricious and it may be
noted that crystals of the triequatorial isomers used for structure
determinations were in all cases selected from crystalline masses
containing largely the monoaxial–diequatorial isomer, although
on various occasions close-to-pure samples of the triequatorial
isomers were obtained in small amounts by fractional crystallisa-
tion. Once isolated, these isomers did not appear to readily inter-
convert in the solid or solution states. Note that while the triaza-
adamantanes are far more soluble in DMSO than in water,
making the former a useful solvent for recording NMR spectra,
they are still not highly soluble in DMSO (especially in the case
of the pyridine-4-aldehyde derivatives), and while alcohols
such as methanol and ethanol are the best solvents overall, only
the pyridine-2-aldehyde derivative could be said to be readily
soluble at room temperature.
The molecular units characterised by X-ray diffraction
measurements on the various isolated crystals are shown
in Fig. 5 in similar orientations. The monoaxial–diequatorial
isomer of the pyridine-2-aldehyde derivative TZA2, ae2TZA2,
was isolated in both mono- and trihydrate forms, the latter
appearing to be the exclusive product when the crystals were
directly isolated from a purely aqueous preparative medium.
Aside from the obvious difference in the disposition of one
pyridyl unit between triequatorial and monoaxial–diequatorial
isomers, all the conformations are very similar, attesting perhaps
to the rigidity of the triaza-adamantane core, although it may be
noted that the seemingly subtle structural differences are associ-
ated with marked electronic effects apparent in the solution 1H
NMR spectra (see above).
There are variations in the orientation of the hydroxyl substitu-
ents which appear to be the consequence of different H-bonding
interactions. Thus, the triequatorial isomer of TZA2, e3TZA2,
forms a monohydrate in which the water molecule bridges two
convergently-oriented pyridine units of one molecule and also
forms a H-bond to the hydroxyl group of an adjacent molecule,
a situation which is reciprocated, so that centrosymmetric dimer
units can be identified in the lattice (Fig. 6(a)). Although these
dimer units confront and partially interpenetrate one another in
a way such that pyridine rings lie parallel (in planes roughly
3.5 Å apart and with pyridine dipoles opposed), suggestive of
π-stacking interactions,43 analysis of the structure using Crystal-
Explorer44 indicated that such interactions, if they are of any
structural importance, are less significant than CH⋯O inter-
actions of the water and hydroxyl units involving both pyridine
ring protons and methine protons of the aza-adamantane moiety.
In the trihydrate form of the monoaxial–diequatorial isomer of
this aminal, one water molecule again bridges the two conver-
gently-oriented equatorial pyridines but also takes part in a cycle
of H-bonds formed with two other water molecules linking to
Fig. 4 Typical 1H NMR spectra (d6-DMSO solvent) in the region of the aminal methine proton resonances for (left to right) TZA2, TZA3 and
TZA4 as precipitated from the reaction mixtures. In all cases, the lowest field resonance is that of the eq3 isomer.
4338 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
Pu
bl
ish
ed
 o
n 
29
 F
eb
ru
ar
y 
20
12
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 02
:17
:40
. 
View Article Online
the hydroxyl group, here of the same aminal molecule. The
water molecule closest to the hydroxyl group forms another
H-bond to the axial-pyridine-N of an adjacent aminal, so that in
fact a supramolecular polymer45 chain is formed running parallel
to c (Fig. 6(b)). In the monohydrate form, the water molecule
again bridges two equatorially-oriented pyridine units of one
molecule, as well as forming an H-bond to the hydroxyl group
of an adjacent aminal molecule though, unlike the situation with
the monohydrate of the triequatorial isomer, this results in the
formation of a supramolecular polymer chain, again running
Fig. 5 The molecular units found within the lattices of the e3 (left) and ae2 (right) isomers of the tris(pyridyl)-triaza-adamantanes presently charac-
terised; (50% displacement probability ellipsoids, H-atoms omitted; where disorder was present, only one component is shown and for the ae2-TZA2
isomer, only the molecule found in the trihydrate is shown.)
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4339
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parallel to c (Fig. 6(c)) as in the trihydrate, associated with a
different orientation of the hydroxyl group with respect to the
pyridine pair to that in the triequatorial isomer.
The triequatorial isomer of the aza-adamantane derived from
pyridine-3-aldehyde, e3TZA3, crystallises in an unsolvated form,
which might be expected to enable lattice interactions other than
H-bonding to be more clearly discerned, though in fact
H-bonding of the hydroxyl group still plays an important
and complicated role in the lattice structure. Viewed down
a (Fig. 6(d)), the bilayer form of the lattice is apparent. The
hydroxyl group is disordered over two essentially equally-
populated orientations, orientation (a) being compatible with the
formation of an intermolecular but intra-layer H-bond which can
be considered to lead to chains running parallel to a, and orien-
tation (b) being compatible with an intermolecular but inter-layer
H-bond to an oxygen in orientation (a) in the adjacent layer as
well as a weak intra-layer H-bond to a pyridine-N. Presumably,
there is a rapid exchange between these situations. Within the
Fig. 6 (a) The centrosymmetric, H-bond-bridged pairs of molecules found in the lattice of e3TZA2; (b) the H-bonded polymer chain found in the
lattice of the trihydrate form of ae2TZA2; (c) the H-bonded polymer chain found in the lattice of the monohydrate form of ae2TZA2; (d) a partial
view, down a, of the lattice of e3TZA3, showing its layered structure; (e) a partial view of the lattice sheets, parallel to the ac plane, formed by NHO
and OHO bonding between molecules of ae2TZA3; (f ) one of the zig-zag chains, running parallel to c, of H-bonded molecules found in the lattice of
e3TZA4·ETOH; (g) a partial view of two adjacent chains of alternating inequivalent molecules A and B running parallel to the bc diagonal found in
the lattice of ae2TZA4. H-bonding interactions are shown as dashed lines between H and the acceptor atom only in cases where the H-atoms were
located.
4340 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
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bilayer, pyridine rings of adjacent molecules form stacked pairs
with some interatomic contacts <3.5 Å, though once again analy-
sis of the structure using CrystalExplorer44 indicates that it is
reciprocal edge-to-edge CH⋯N interactions which are more
important than any to do with stacking.
The monoaxial–diequatorial isomer of the triaza-adamantane
from pyridine-3-aldehyde, ae2TZA3, crystallises as a hemi-
hydrate in which two inequivalent molecules make up the
asymmetric unit. Water molecules bridge the inequivalent triaza-
adamantane units by H-bonds to pyridine-N, while equivalent
molecules are linked by H-bonds involving the hydroxyl groups
(one of which is also interacting with a pyridine-N). The overall
result of this H-bonding is the formation of infinite sheets, effec-
tively by the fusion of large rings, lying parallel to the ac plane
(Fig. 6(e)). Extension of the intermolecular associations into the
third dimension involves the formation of pairs of each type of
molecule where pyridyl units have edge-to-edge, edge-to-face
and face-to-face approaches.43 Again, use of CrystalExplorer44
indicates edge contacts to be the more important.
In the lattice of the triequatorial isomer of the triaza-
adamantane from pyridine-4-aldehyde, e3TZA4·EtOH, large
voids in the lattice indicate the presence of unresolved solvent
molecules (see Experimental) but the well defined regions show
that, as in the pyridine-3-aldehyde analogue, H-bonding is again
an important feature of the lattice array. Interaction of the
hydroxyl group with one pyridine-N of an adjacent molecule
leads to the formation of zig-zag chains running parallel to
c (Fig. 6(f )). These lie side by side, peaks fitting into troughs, so
as to form sheets parallel to the bc plane. In any given chain,
one pyridine ring of each triaza-adamantane unit projects out of
the sheet to one side, while in the next chain, they project to the
other side. It is these projecting rings which are involved in short
(pyridine-N⋯C 3.443(7) Å) contacts to methine carbons of
triaza-adamantane units in adjacent sheets, thus building up the
third dimension of the lattice.
The monoaxial–diequatorial isomer of the triaza-adamantane
from pyridine-4-aldehyde, ae2TZA4, provides the most compli-
cated crystal structure of those presently considered in that it is a
hemi-etherate–hemi-hydrate (selected from the crystals produced
by vapour diffusion of diethylether into an ethanolic solution of
the crude reaction mixture), in which two inequivalent aminal
molecules are found in the lattice. The molecules A and B differ
significantly only in the fact that the hydroxyl group of A is dis-
ordered over two equally populated sites, one of these being
sufficiently close to pyridine-N of an adjacent molecule B to
be considered to form an H-bond, though this pyridine-N is
also within H-bonding distance of a water molecule, as is
the hydroxyl–O. The other hydroxyl site of molecule A seems
remote from any H-bond acceptors or donors other than diethyl-
ether-O. Some dynamic process may be occurring here, explain-
ing the correlation between the numbers of water and
diethylether molecules. The hydroxyl group of molecule B
forms an H-bond to a pyridine-N of molecule A, so that consid-
ering molecule A only forms H-bonds to the pyridine-N of B,
the aminal molecules can be regarded as forming chains alternat-
ing ABABAB along a direction parallel to the bc diagonal.
These chains lie side by side in a sheet perpendicular to the bc
plane (Fig. 6(g)) in such a way that AA and BB pairs, alternating
from one side to the other of a given strand, form by
interpenetration (face-to-face and edge-to-face pyridine unit
interactions) of aminal units in different strands. The equatorial
pyridine units also project out from the sheets in such a way that
CN edges come into confrontation with those of the same units
in the adjacent sheets (reciprocal CH⋯N bonding). The overall
result is a lattice in which there are channels running parallel to
a and it is these channels which are occupied by the disordered
diethylether molecules.
3. Reactions between hytame and pyridine aldehydes in
aqueous media
At least the initial reactions between hytame and pyridine alde-
hydes can be conveniently monitored by 1H NMR spectroscopy
in solvents such as water and DMSO. These two solvents
provide a useful comparison in that the major reaction products,
in both cases the triaza-adamantane aminal species as described
above, precipitate readily from water but are sufficiently soluble
in DMSO for the system to remain homogeneous at conveniently
studied concentrations. A significant aspect of the use of DMSO
is that the hydroxyl-proton resonances can be observed and these
provide distinct signals for the different products.
In aqueous solution, pyridine-2-, -3- and -4-aldehydes are all
hydrated, the percentages remaining as true aldehyde, as esti-
mated from integration of the aldehyde proton signals near δ
10 ppm and the hydrate-methine proton signals near δ 6 ppm in
the 1H NMR spectra, being 67, 90 and 48%, respectively, at
ambient temperature (∼298 K), fractions which differ little from
more precise estimates applying to 273 K.46 The full spectra are
therefore somewhat complicated, though the signals due to the
two species are in fact well resolved. The spectra are greatly sim-
plified by protonation of the pyridine-N and in 1 mol L−1
CF3SO3H in D2O, for example, signals for the free aldehyde are
barely detectable relative to those of the hydrate for pyridine-2-
and -4-aldehydes (<1% and ∼2.5% aldehyde, respectively) while
∼15% of pyridine-3-aldehyde remains unhydrated. These equili-
brium data roughly parallel the electrophilicity of the aldehyde
carbon centres as measured in terms of the hydration rate con-
stants,46a an interesting feature of the kinetics there being the
particularly efficient metal ion catalysis of the hydration of pyri-
dine-2-aldehyde, attributed to the unique ability of this aldehyde
to chelate a metal ion. Evidence for this was seen in the present
work, where addition of Zn(II) to a dilute (∼0.1 mol L−1)
aqueous solution of pyridine-2-aldehyde was seen to cause
marked shifting and broadening of all peaks in its 1H NMR spec-
trum. Effects on the spectra of pyridine-3- and -4-aldehydes
under the same conditions were negligible.
When a solution of hytame hydrochloride was added to one
containing a slight excess (5–10%) beyond three equivalents of
pyridine aldehyde, the final concentration of the triammonium
species being ≤0.03 mol L−1 (used to avoid early product pre-
cipitation when comparative experiments were performed under
basic conditions – see below), the most obvious initial change in
the 1H NMR spectrum of the aldehyde was that of an increase in
the aldehyde hydrate methine proton resonance intensity due to
the drop in pH. In the case of pyridine-2-aldehyde, four signals
of moderate intensity in the range δ 5–6.5 ppm indicated the
presence of other products of addition (presumably of amine-N)
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4341
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to the aldehyde but an equilibrium appeared to be reached within
the time required (a few minutes) for mixing the solutions and
recording the first spectrum, as the spectrum showed no signifi-
cant evolution over the next week and unreacted aldehyde
remained a major component. This contrasts with the reactions
of pyridine-3- and -4-aldehydes, where very minor amounts of
addition products (other than the hydrates) were apparent in the
initial spectrum but at room temperature did evolution occur on a
timescale of hours, so that only after approximately one day did
it appear that an equilibrium was reached. In both instances, this
appeared to involve less of the unreacted aldehyde than with the
2-isomer, and for the 4-isomer, in particular, the relatively simple
final spectrum was consistent with the product being very
largely a mixture of the ae2 and e3 forms of TZA4, presumably
at least partly protonated, since no precipitation occurred. These
observations indicate, consistent with other work,31a that the sen-
sitivity of triaza-adamantanes to acid may vary considerably.
Note that there was no evidence (e.g. an imine CH singlet reson-
ance near δ 9 ppm) for the formation of appreciable amounts of
imine species from any of the three aldehydes.
The above experiments were repeated in the presence of
excess carbonate, so that the hytame was expected to be present
largely in its unprotonated form. (In water, the pKa values
for tame at 298 K are 10.4, 8.6 and 5.8.47 Drawing an empirical
parallel with the difference in basicity between ethylamine and
ethanolamine,48 the pKa values for hytame would be expected to
be lower than those for tame.) This resulted in solutions for
which the 1H NMR spectra showed rather more marked initial
changes, although all spectra again changed significantly over
extended periods of time. In all three cases, the aldehyde and its
corresponding hydrate signal became initially very broad, indi-
cating some relatively slow exchange process at the carbonyl
centre (presumably in part involving carbonate, since the same
effect was seen in solutions of just the aldehydes plus K2CO3),
and these peaks slowly sharpened over a period of days at room
temperature, with an indication in the case of pyridine-3-
aldehyde that some initial consumption of the aldehyde was
accompanied by its later partial release. Even after one week of
observation, the free aldehydes remained major soluble com-
ponents of each system and the overall spectra were extremely
complex. For the three aldehydes, a relatively strong singlet,
possibly indicative of the formation of a 1 : 1 carbinolamine
(hemiaminal) species, appeared near δ 5.2 ppm on the initial
mixing and then slowly declined, being replaced by several
peaks in the region δ 5–6 ppm. What most obviously distin-
guished these reaction mixtures from those obtained with the
amine hydrochloride was the appearance, after three days with
pyridine-4-aldehyde and after a week with the pyridine-2- and
3-aldehydes, of well-formed crystalline precipitates. The very
small quantity of relatively soluble material obtained with pyri-
dine-2-aldehyde appeared to be uniformly small plates but the
larger amounts obtained with the other two aldehydes were
clearly mixtures of at least two forms. Dissolution of these pre-
cipitates in d6-DMSO and recording of their
1H NMR spectra
confirmed that they contained the pyridyltriaza-adamantane
species isolated in conventional syntheses (where the reactant
concentrations were tenfold greater, leading to much more rapid
formation of precipitates; see above). Presuming that the for-
mation of aminals must occur via the intermediacy of unsaturated
(imine or immonium) species (Fig. 7) and not via intramolecular
nucleophilic displacement of O by N, a complex reaction
mixture might be anticipated and, given that the third step in
aminal formation would involve an especially reactive but higher
energy (viz. slowly formed) immonium cation rather than an
imine, it would seem plausible that mono- and bis-aminal
species (and other intermediates) could remain relatively abun-
dant in solution up to the point of precipitation of the insoluble
tris-aminal, thus explaining the complicated spectra. The final
product mixture could in principle contain all four isomers of the
triaza-adamantane but, as shown in Fig. 7, if there is a preference
for the imines to form as trans isomers,49 then the cyclisation
reactions leading to imines should be stereospecific. Indeed,
although the immonium species is shown in Fig. 7 as a cis–trans
mixture, if it, too, were to be exclusively the trans species, the
product mixture would be expected to contain only e3 and ae2
isomers, which is in fact the case with the isolated solids.
When both the above series of experiments were repeated
with Zn(II) acetate added to the solutions (in 50% molar excess
relative to a 1 : 1 ratio of hytame to Zn), the consequences
appeared to be slight or negligible for the solutions containing
the amine hydrochloride but were quite dramatic for those con-
taining the free base. However, precipitation of some ZnCO3
from the carbonate buffers was a complication, so the exper-
iments under basic conditions were repeated either by using
NaOH to precisely neutralise triprotonated hytame or by provid-
ing the neutral base as its Zn(II) complex, [Zn(hytame)2]Cl2
(thus requiring addition of one molar equivalent of Zn(II) with
the aldehyde solution). These two approaches gave identical
results. Thus, within less than one hour of mixing pyridine-2-
aldehyde, hytame and Zn(II), the 1H NMR spectrum of the sol-
ution was consistent with the presence of essentially one species,
the Zn(II) complex of the tris(2-pyridylaldimine) of hytame, [Zn
(hytime)]2+, a complex separately synthesised and structurally
characterised (see below) as part of the present work. The for-
mation of this complex was apparently kinetically determined
since, on standing for an extended period (days) the solution
gave a spectrum in which signals due to some aminal species
as well as some free aldehyde were detectable. Consistent
with this, the spectrum of a solution of the isolated complex (the
perchlorate salt; see section 7) in D2O showed similar changes.
In contrast to the pyridine-2-aldehyde–Zn(II) system, where all
components remained soluble, the corresponding solutions con-
taining pyridine-3- and -4-aldehydes produced copious white,
crystalline precipitates very shortly after mixing (see Experimen-
tal section for details). The 1H NMR spectra of the supernatant
liquids showed minor changes with time over one week but it
was clear from the peak intensities that most material had preci-
pitated rapidly from solution. Again, dissolution of these precipi-
tates in d6-DMSO and recording of their
1H NMR spectra
confirmed that they contained mixed isomers of the appropriate
pyridyltriaza-adamantane (TZA) species (probably in part
present as their Zn(II) complexes as it was necessary to wash the
precipitates with EDTA solution in order to obtain spectra
exactly matching those of the independently-isolated triaza-
adamantanes). Thus, in aqueous media Zn(II) appears to be an
efficient catalyst for the formation of the triaza-adamantanes
derived from pyridine-3- and -4-aldehydes, an obvious expla-
nation for this, given its preferred binding to the chelating imine
4342 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Possible reaction pathways in the formation of triaza-adamantanes from reactions between hytame and pyridine aldehydes.
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derived from pyridine-2-aldehyde, being that it binds (as mono-
dentate ligands) and activates the imine intermediates leading to
aminals (depicted in Fig. 7). A synthetic procedure based on the
use of Zn(II) catalysis to provide the triaza-adamantanes derived
from pyridine-3- and -4-aldehydes is given in the Experimental
section.
At least in aqueous solution, the insolubility of the triaza-
adamantanes appears to be one factor favouring their isolation
and separation from other products. Although in earlier work32
with pyridine-2-aldehyde and tame it was concluded that a
single isomer of twofold symmetry (i.e. either the ae2 or the a2e
isomer) was the reaction product and a similar implication has
been made regarding the reaction of simple benzaldehyde with
hytame,18d in the present work it was clear that at least two
triaza-adamantane isomers were present in each case in the reac-
tion product from hytame and all three pyridine aldehydes. This
is consistent with recent investigations31 of the reactions of tame
with various functionalised benzaldehydes as well as benzal-
dehyde itself, where at least two product isomers were detected,
though, as in all cases, a species of twofold symmetry only was
predominant. It is possible that the isomer distributions are kine-
tically rather than thermodynamically determined (and there is
some evidence for this in the present systems when studied in
DMSO, as described below) and estimates possible on the basis
of present measurements are rather approximate but the ae2:e3
ratio in all cases was close to 9 : 1 (as in other systems31). In
comparing hytame with tame, a possibility which does not arise
with the latter is the formation of tetrahydro-oxazine (morpho-
lino) species involving reaction of the hydroxyl group (Fig. 7)
but, if present at all, these must be very minor components of the
product mixtures. There is some evidence for their formation in
DMSO solutions, however (see below).
An interesting feature of the 1H NMR spectra of all three ae2
and e3 pairs of the triaza-adamantanes presently studied is that in
the ae2 isomers the equatorial methine proton resonance lies to
lower field of the axial protons peak, while in each of the e3
isomers the peak for the three axial protons lies to lower field of
even the equatorial proton peak of the ae2 isomer. The crystal
structures of the triaza-adamantanes indeed show that the
Hax⋯Hax separations in the ae2 isomers are consistently shorter
(by at least 0.05 Å) than those in the e3 isomers and perhaps
these differences apparent in the solid state are maintained in
solution.
4. Reactions between hytame and pyridine aldehydes in
(deuterated) dimethylsulfoxide
To obtain a form of protonated hytame soluble in DMSO, the
chloride was converted to the triflate (trifluoromethanesulfonate).
It is assumed that in a good coordinating solvent such as DMSO,
the triflate anion would have a negligible influence on the specia-
tion of any metal ions introduced into the system.50 As for
aqueous media, investigations were made of the reactions of
hytame, protonated and at least partly deprotonated in the pres-
ence of excess triethylamine, with the three pyridine aldehydes
in the presence and absence of Zn(II) supplied as [Zn(DMSO)6]
(CF3SO3)2. (The acidity constants for hytame in DMSO are
unknown but if, as argued above, the pKa values for tame define
upper limits for those of hytame in water, where triethylamine,
pKa 10.72,
48 should be largely effective in deprotonating
hytameH3
3+, then a parallel situation should apply in DMSO.51)
An initial contrast with the aqueous systems was the fact that
reactions involving protonated hytame did not reach an
unfavourable equilibrium but, after first rapidly forming minor
amounts of mixed species, proceeded slowly to form the triaza-
adamantanes, essentially quantitatively with respect to the tri-
amine in the presence of a slight excess (10%) of aldehyde.
Given that water is a product of the reaction, this is possibly
simply an equilibrium effect but more surprising was the fact
that the presence of Zn(II) appeared to have a rather minor, if
any, influence on the rates of the reactions, although it did, in the
case of the reactions involving pyridine-2-aldehyde, again
largely divert the product to its (bound) tri-imine form.
Thus, in the time taken to prepare the solutions and record
their first 1H NMR spectra, mixtures of protonated hytame and
the three pyridine aldehydes all showed a large number of minor
peaks, in particular in the methine proton region, indicating that
relatively rapid addition reactions had occurred. Subsequent
transformations of the spectra were, however, rather slow, requir-
ing a few hours at room temperature in the pyridine-2-aldehyde
system and 1–2 days for the pyridine-3- and -4-aldehyde
systems, but the final forms for the latter two were rather simple
and consistent, interestingly, with the presence almost exclu-
sively of the monoaxial–diequatorial isomer of the triaza-
adamantane. Given the known sensitivity of triaza-adamantanes
to acid-catalysed breakdown,18d,31a this may mean that what is
observed in the reactions of protonated hytame with pyridine
aldehydes is the thermodynamically determined product isomer
distribution. (Implicit also is that this procedure is an obvious
way to obtain pure single isomers of the TZA3 and TZA4 triaza-
adamantanes, though this has not been investigated on a prepara-
tive scale.) In the case of the pyridine-2-aldehyde reaction, the
final spectrum showed rather broad peaks for the methine-proton
resonances, indicating some relatively slow acid-catalysed
exchange process but on addition of triethylamine they became
sharp and showed that a mixture of e3 and ae2 isomers similar to
that obtained preparatively in water was present.
With the addition of triethylamine to deprotonate hytameH3
3+
before the aldehyde addition, both the initial and final spectra
were more complicated than those obtained from the protonated
reactant, and the triaza-adamantanes, though dominant, were not
the exclusive final product. At least one and possibly two other
products (given the number of minor peaks in the methine
proton region) in addition to the ae2 and e3 isomers of the triaza-
adamantane were present in each case and a feature of the final
spectra was the presence of unusually high-field (δ 6.8–7.0 ppm)
aromatic resonances (well upfield of any of those seen in the
spectra of the isolated triaza-adamantanes), possibly attributable
to tetrahydro-oxazine species, which are certainly known to be
stable in simpler systems.52 Given the presence of base, it is of
course reasonable that the nucleophilicity of the hytame
hydroxyl group would be enhanced by effective conversion to
alkoxide. Once again, an effective equilibrium was reached
much more rapidly (within 2 h at room temperature) in the
pyridine-2-aldehyde system than in the other two.
In stark contrast to the aqueous systems, these reactions under
basic conditions in DMSO were not subject to any obvious
4344 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
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modification of rate or of product distribution by the addition of
Zn(II) to the reaction media other than in the pyridine-2-aldehyde
system, where the product was then predominantly the complex
of the tri-imine, [Zn(hytime)]2+, though accompanied by some
triaza-adamantane in a ratio which appeared to be the same as
that observed on allowing the isolated complex to equilibrate in
DMSO. This absence of any Zn(II) catalysis in DMSO raises
important issues ion relation to the mechanism of the catalysis
observed in water. For a reaction between an electrophile and a
nucleophile which are both good metal ion ligands, coordination
may well result in both acceleratory and inhibitory effects53
(Fig. 8). In the absence of detailed studies of coordination equili-
bria in the two solvents, it is only possible to speculate but if, for
example, differences in hytame solvation could mean that in
DMSO Zn(II) is more strongly bound to all three N-donors than
it is in water, then its predominant influence could be one of
inhibition.
5. Complexation and subsequent reactions of the
triaza-adamantanes in the presence of metal ions
Investigations were made by 1H NMR spectroscopy of the
effect of the addition of the metal ions [Al(DMSO)6]
3+, [Zn
(DMSO)6]
2+, [Ga(DMSO)6]
3+, [Cd(DMSO)6]
2+, [Hg
(DMSO)6]
2+, [La(DMSO)8]
3+, [Eu(DMSO)8]
3+ and [Pb
(DMSO)n]
2+ (n = 8?) to solutions of the triaza-adamantanes in
deuterated DMSO. In general, immediate changes were observed
(even if only of line broadening), consistent with the lability of
these metal ions and some form of complexation by all the
triaza-adamantanes, unsurprising in view of the presence at least
of accessible pyridine-N donor atoms. In most cases, any sub-
sequent changes were negligible, even upon heating at 100 °C
for 2 h. With both Zn(II) and Hg(II) (but not Cd(II)) and TZA2,
however, marked changes occurred within 1 h at 100 °C which
were consistent with the formation of a substantial amount of
the tri-imine complexes [Zn(hytime)]2+ and [Hg(hytime)]2+.
Although this Hg(II) complex has not been isolated and fully
characterised, the equilibrium spectrum was virtually identical
with that of the Zn(II) system which indicates ∼90% metal-ion-
induced rearrangement. This metal-ion-induced rearrangement
was considerably faster in the presence of [Fe(DMSO)6]
2+, but
line broadening due to the generation of some Fe(III) species
made the reaction difficult to follow by NMR spectroscopy.
As noted in section 3 above, complexes of Zn(II) with TZA3
and TZA4 appeared to precipitate from the reaction mixtures
where the metal ion was used to catalyse the formation of the
triaza-adamantanes. Preliminary observations have shown that
Cu(II) complexes are also readily precipitated from methanol but
as yet no complex has been obtained in the form of crystals suit-
able for an X-ray structure determination. (However, see ahead
regarding the products of template reactions involving Cu(II),
hytame and pyridine-2-aldehyde.) Obviously, there is the poten-
tial for all three TZA ligands to generate novel coordination
oligomers/polymers in the solid state. Note that Hg(II) perchlor-
ate forms a particularly insoluble complex with TZA2 and it is
this that has thwarted all attempts to isolate the pure [Hg
(hytime)]2+complex.
The very low solubility of the triaza-adamantanes in water
renders any study of their complexation there difficult as well as
raising the possibility of hydrolysis reactions, such as are known
to occur even with the Fe(II) complex of the triaza-adamantane
derived from tris(aminomethyl)methane and pyridine-2-alde-
hyde.34 The TZA2 formed from hytame is the most water-
soluble of the three hytame derivatives and it is possible to
obtain ∼10−1 mol L−1 solutions at 90 °C. Addition of an equi-
molar amount of a metal ion salt to such a solution produced
reactions very dependent upon the nature of the particular
metal. Thus, addition of (NH4)2[Fe(OH2)6](SO4)2 led to a rapid
rearrangement reaction to give [Fe(hytime)]2+ seemingly quanti-
tatively within 15 min, though the isolated yield of the perchlor-
ate was only a little over 70%. (The reaction is easily monitored
by ion-exchange chromatography on SP Sephadex, as the inten-
sely violet-coloured product is kinetically inert.) In contrast,
reaction with Co(II) acetate over 30 min gave a complicated
product mixture in which both hytame and pyridine-2-aldehyde
were the only readily identified (and dominant) components,
indicating that hydrolysis was the major reaction. With Ni(II), the
pale blue solution initially formed slowly became a dull brown
colour over 2 h of heating and addition of NaClO4 and cooling
at this point led to formation of a highly crystalline, brown pre-
cipitate of [Ni(hytime)](ClO4)2 in ∼15% yield, leaving a pale
blue supernatant solution. Extending the period of heating to 5 h
led only to a slight decrease in the isolated yield of [Ni(hytime)]
(ClO4)2, consistent with the final blue species being a Ni(II)–
hytame complex resulting from a hydrolysis reaction which did
not pass exclusively through the bound rearranged ligand. With
Cu(II), a deep blue–green solution formed rather quickly and
Fig. 8 Possible reactions in an aqueous solution containing an amine,
an aldehyde and a metal ion. Species in which the metal ion may play
an activating (A) or inhibitory (I) role are indicated.
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after 30 min at 90 °C a crystalline complex could be precipitated
in ∼30% yield, though it appeared to be a mixture (which
has not been fully characterised) and indeed the nature of the
coordination chemistry of Cu(II) with hytame–pyridine-2-
aldehyde ligands seems rather complicated (see ahead). With
Zn(II), addition of NaClO4 after a heating period of 2 h led to a
precipitate of [Zn(hytime)](ClO4)2 mixed with unreacted TZA2
(presumably as its Zn(ClO4)2 complex), indicating that any Zn
(II)-catalysed hydrolysis must be slow, though perhaps not negli-
gibly so, as after heating for 5 h, the precipitate obtained was
exclusively [Zn(hytime)](ClO4)2 in ∼55% yield. With Cd(II), the
precipitate obtained after 5 h of heating appeared to be only the
complex of TZA2, while with Hg(II), although some rearrange-
ment may have occurred, the solution started to turn green and a
black precipitate began to form after 1 h of heating, indicating
that redox reactions of the metal may have been interfering, and
precipitates obtained by perchlorate addition prior to this point
were mixtures mainly containing unrearranged TZA2. These
observations are largely consistent with the report41 that Fe(II) is
the only transition metal effective in causing rearrangement of
the triaza-adamantane derived from tame and pyridine-2-alde-
hyde. Experiments were conducted using Mn(II) acetate but after
5 h of heating only a very low yield was obtained of a crystalline
product (along with MnO2) which was assumed to be the ana-
logue of the known complex in the tame system which contains
only two pyridine-2-aldehyde moieties per triamine.41
In water–methanol mixtures it is possible to obtain relatively
concentrated solutions of at least TZA2 under mild conditions
but it may be noted that addition of lanthanide nitrates to these
solutions did not produce crystalline precipitates as reported for
the tame analogues32 but simply led to very slow hydrolysis. In
methanol at reflux, Fe(II) again appeared to induce efficient
rearrangement of TZA2 to hytime (within 2 h) and in the par-
ticular case of Cd(II), reaction with TZA2 in ethanol at 50 °C for
2 h did enable [Cd(hytime)](ClO4)2 to be isolated by fractional
crystallisation of the product mixture.
Given the efficacy of Fe(II) in inducing rearrangement of
TZA2 and the ease of monitoring the formation of [Fe
(hytime)]2+, investigation was made of Fe(II)-induced aldehyde
exchange of TZA3 and TZA4 with pyridine-2-aldehyde. In fact,
in the presence of Fe(II) and 3 molar equivalents of pyridine-2-
aldehyde in water at 90 °C, a dynamic system does result. Thus,
dispersions (partial solutions, formally ∼0.1 mol L−1) of TZA3
or TZA4 in water at 90 °C produced [Fe(hytime)]2+ within
10 min. Note that in DMSO at 100 °C, Zn(II) was also observed
to promote substitution of pyridine-2-aldehyde into TZA3 and
TZA4 but the reaction was very slow and only just detectable
after several hours of heating.
Since binding to a certain range of metal ions appeared to be
necessary to obtain the tri-imine isomer of TZA2, it was antici-
pated that displacement of the bound ligand from the metal ion
might result in a very rapid valence tautomerisation, possibly to
the unknown triaxial isomer of the triaza-adamantane. Addition
of sodium ethylenediaminetetraacetate (Na4EDTA) to an
aqueous solution of [Zn(hytime)](ClO4)2 appeared to rapidly
extract the Zn(II) but the 1H NMR spectrum recorded immedi-
ately after mixing the reagents was extremely complex and in
particular showed a weak aldehyde proton signal, indicating that
rapid (if partial) ligand hydrolysis had occurred. This, of course,
is not incompatible with the initial formation of an unstable
a3TZA2 but clearly the processes occurring were very rapid
compared to the observation timescale presently employed.
6. Synthesis and characterisation of metal ion complexes of the
tri-imine formed between hytame and pyridine-2-aldehyde
Consistent with literature precedents for the formation of Fe(II)
complexes of the tri-imine of tame, reactions both between
hytame and pyridine-2-aldehyde in the presence of various tran-
sition metal ions (“template” reaction)40,41 and between the pre-
formed triaza-adamantane from hytame and pyridine-2-aldehyde
and the same metal ions (“rearrangement” reaction;32 effective in
only some instances – see below) were found to give crystalline
products which were all shown spectroscopically (NMR and/or
IR) and by X-ray crystallography to contain the hytame tri-imine
derivative, “hytime”. The template reaction was most spectacular
in the case of Fe(II), where an intense violet colour developed in
solution almost immediately upon mixing the reactants, although
in all cases the reaction was much faster than that giving rise to
the triaza-adamantanes in the absence of the metal ions and
much faster than the rearrangement reactions under similar con-
ditions. Indeed, as noted above, the template reaction appears to
be kinetically controlled, as dissolution of the isolated Zn(II)
complex, for example, in either water or DMSO allowed some
slow back reaction to be observed. This was not the case for the
Fe(II) complex, which is low-spin and kinetically inert.
Importantly, it must be noted that the observations made under
preparative conditions, where reactant concentrations were
∼0.1 mol L−1, were not identical, except in terms of the overall
result, with those made using 1H NMR spectroscopy on solu-
tions where the reactant concentrations were approximately
0.01 mol L−1. Given the possible complexity of the kinetics of a
reaction involving the combination of five molecules via at least
three two-step (imine formation) processes, this is hardly surpris-
ing, and indeed the reactions involving Zn(II) could simply be
said to have taken longer in the NMR tube than in a beaker.
In the case where Co(II) was used as reactant, the template pro-
cedure enabled the isolation of a Co(II) product (not structurally
characterised) accompanied by a small amount of the more
soluble Co(III) complex presumably resulting from the fact that
the reaction was conducted under a normal atmosphere. The
solid Co(II) complex does not appear to be particularly sensitive
to atmospheric oxygen. Under the relatively harsh conditions of
water solvent at 90 °C for 30 min, the attempted rearrangement
reaction between TZA2 and Co(II) acetate provided very largely
hytame and pyridine-2-aldehyde as products, indicating that
hydrolysis is the favoured reaction in this case. Under the milder
conditions of water at room temperature for 24 h using a direct
source of Co(III), [Co(CO3)3]
3−, as reactant, the product was iso-
lated as the Co(III) species and characterised crystallographically
as both the hexafluorophosphate and perchlorate salts. The
mononuclear cation found within the lattice of [Co(hytime)]
(PF6)3 is shown in Fig. 9. As expected, this cation has a CoN6
coordination sphere of essentially octahedral form (mean twist
angle 47.8(1)°; cf. 60° for an octahedron, 0° for a trigonal
prism), though with Co–N(imine) bonds (mean 1.901(1) Å) sig-
nificantly shorter than Co–N(pyridine) (mean 1.945(5) Å) and
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near-threefold symmetry only. Within the lattice, there are
numerous short contacts between hexafluorophosphate-F and the
cation, the shortest of all (C18⋯F7, 2.697(3) Å), interestingly,
being to one of the imine-unit carbon atoms, and only
H-bonding contacts to the disordered hydroxyl group are shorter
than those to the other two imine carbon atoms (C12⋯F8′,
3.009(3); C6⋯F17, 3.062(3) Å). The approaches are all at a
steep angle to the NvC–C plane, consistent with a degree of
activation by the metal ion of the imine towards nucleophilic
addition and ultimate formation of a tetrahedral centre, although
the formally CvN links (1.278(3) to C6; 1.270(3) to C12; 1.276
(3) Å to C18) are not obviously elongated and the N-centres are
but slightly pyramidalised. The structural features are very
similar in the structure of [Co(hytime)](ClO4)3·MeOH, with a
similar coordination geometry and close imine–O contacts
(C18⋯O3, 3.07(1) Å).
An indication of the reactivity of the coordinated imine
centres in the Co(III) complex is that in solution the addition of
the anion of nitromethane occurs readily but the product of this
reaction is yet to be fully characterised. In the case of the Ni(II)
complex of the tame-derived tri-imine, it is known that reduction
by [BH4]
− to give the triamine is efficient and is in fact a useful
way of obtaining this amine.39 The 1H NMR spectra of the Co
(III) complex in water and DMSO show various singular features
which may in part be due to reversible addition reactions at the
imine centres. The extreme breadth of certain peaks is largely
due to selective 59Co coupling but even after decoupling from
the metal nucleus, the imine proton peaks did not collapse to a
singlet and for water in particular, the proton-decoupled 59Co
spectrum (and the HMQC spectrum) showed at least three over-
lapping components. Given also that the imine-CH peak did not
integrate as a full proton, these features may be indicative of
unfavourable, reversible addition of water to the CvN double
bonds.
The complexes formed by the use of M(II) perchlorates
(M = Fe, Ni, Zn, Cd) or other M(II) salts in the presence of
NaClO4, all deposit (as perchlorates) as monoclinic crystals in
the space group P21/n but, for the compositions as deduced from
the structure solutions, the Fe species is a monohydrate and the
Ni species a monomethanol solvate, whereas the Zn species is
anhydrous and the Cd species a hemi-hydrate. The cations
present in all (Fig. 10), nonetheless, are very similar, with, as in
cage hexamine complexes,54 an increase in M–N bond lengths
being accompanied by an increasing degree of twisting of the
MN6 core away from octahedral and towards trigonal prismatic
(Table 1). There are also changes in that M–N(imine) is shorter
than M–N(pyridine) for Fe and Ni but they are essentially equal
Fig. 9 Views of the cations found in the lattices of (a) [Co(hytime)]
(PF6)3; (b) [Fe(hytime)](ClO4)2·H2O; (c) [Ni(hytime)](ClO4)2·CH3OH;
(d) [Zn(hytime)](ClO4)2; (e) [Cd(hytime)](ClO4)2·0.5H2O perpendicular
to and down the effective threefold symmetry axes of each. In (a), only
one component of the disordered hydroxyl group is shown and H atoms
are omitted in all. The Λ configuration of the cations is shown arbitrarily.
Fig. 10 A representation of the cationic alkoxo-bridged tetranuclear
Cu(II) complex of hytime, the formulation being based on a low quality
X-ray determination of the structure of its chloride–perchlorate salt.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4347
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for Zn, and M–N(pyridine) is just appreciably shorter than M–N
(imine) for Cd. Although perchlorate disorder complicates ana-
lysis of the lattices, in all cases there are relatively close
(3.0–3.1 Å) contacts of a perchlorate-oxygen to the imine unit
carbon atoms and very slight degrees of pyramidalisation of the
imine-N atoms. While its 1H NMR spectrum indicates that the
Fe(II) complex maintains an octahedral form in solution, giving
rise to the diastereotopicity of the protons of the N-methylene
groups, the room temperature spectrum of the Zn(II) complex is
consistent either with a trigonal prismatic form in solution or
with rapid inversion of the octahedral coordination geometry
seen in the solid.
In the chemistry of the tame derivative of pyridine-2-alde-
hyde41 it is known that both Cu(II) and Mn(II) can form com-
plexes containing a ligand formed from tame and only two
molecules of pyridine-2-aldehyde, presumed to be a tetradentate
bis(imine) species with a pendent free primary amine group,
for Cu(II) at least this being considered a reflection of its
tendency to adopt square-planar four-coordination. With hytame
and pyridine-2-aldehyde in a 1 : 3 molar ratio in the presence of
these cations, complexes certainly form but at least in the case of
Cu(II) it is visually evident that mixtures are present. In the pres-
ence of excess copper, as arose by chance during preliminary
investigations of metal-induced rearrangement of TZA2, it seems
that a tetranuclear species is formed in which the hydroxyl group
of the ligand is also coordinated (Fig. 10). At least this is what is
indicated by an unsatisfactory crystal structure determination
which unfortunately we have not yet been able to improve upon.
Nonetheless, it is a complex of the tris-imine of hytame and this
difference from what is observed for tame with Mn(II) and Cu(II)
is probably attributable to the coordination of the hydroxy substi-
tuent, which in effect turns the tri-imine into a ditopic ligand
with N4 and N2O binding sites.
If there is a deficiency of pyridine-2-aldehyde in the reaction
mixture (again, as initially arose by mischance but was
subsequently investigated rationally), an unusual mononuclear
complex is obtained in which a bis(aminal) species (“hyta-
mipy2”) coordinates through the central, tertiary N of the bis
(aminal) and the two pendent pyridine-N atoms, leaving the
other two aminal-N donors uncoordinated (Fig. 11). It is reason-
able to assume that the complexes of Mn(II) and Cu(II) with the
tame analogue have the same structure. In [Cu(hytamipy2)Cl2],
the Cu has close to square-pyramidal coordination geometry,
with one chloride ligand (Cl(2)) in the basal plane much closer
(Cu–Cl(2) 2.246(2) Å) to the metal ion than is the axial chloride
(Cl(1); at 2.490(2) Å), possibly explaining why it is only Cl(1)
that appears to be involved in significant intermolecular inter-
actions. Hydrogen bonding between Cl(1) and the hydroxyl
group of an adjacent molecule (Cl(1)⋯O 3.06(2) Å) can be con-
sidered to give rise to formation of a helical supramolecular
polymer, with only one enantiomer of the helix being present in
the lattice, consistent with the space group P212121. Cl(1) is also
an H-bond acceptor towards either of the secondary NH groups
of the ligand (Cl(1)⋯N(4,5) 3.28(2) Å), resulting in the helices
in fact being part of a chiral three-dimensional network.
Conclusions
While in general the kinetics and equilibria involved in the for-
mation of imines are considered to be well understood,13a,49 the
present work shows that the influence of metal ions and indeed
H+ on these reactions can be subtle and can be closely allied
with solvent effects. In terms of rendering all reactions between
hytame and pyridine-aldehydes labile, metal ions are able to do
this in direct reactions of the components by promoting both
imine and aminal formation, and while the complexed imines are
rather inert, transfer of the metal ion to another ligand does
give rise to rapid reactions of the free imine. Rearrangement of
the preformed triaza-adamantane aminal to its imine isomer and
exchange of the bound aldehyde unit with a free aldehyde,
however, are reactions which are at best moderately fast in the
Table 1 Selected structural parameters for transition metal ion
complexes of the tri-imine formed between hytame and pyridine-2-
aldehyde
Complex M–Nim/Å M–Npy/Å CvN/Å Θtwist/°
[CoL](PF6)3 1.8998(19) 1.9512(18) 1.270(3),
1.276(3),
1.278(3)
47.9(1)
(mean)
1.8987(19) 1.9403(19)
1.9011(18) 1.9445(18)
[CoL]
(ClO4)3·MeOH
1.881(4) 1.967(5) 1.213(7),
1.268(6),
1.307(6)
47.8(2)
(mean)
1.911(3) 1.960(4)
1.914(4) 1.962(3)
[FeL]
(ClO4)2·H2O
1.919(2),
1.926(2),
1.928(2)
1.985(1),
1.990(2),
1.992(2)
1.282(3),
1.284(3),
1.287(3)
42.8(1)
[NiL]
(ClO4)2·CH3OH
2.053(2),
2.059(2),
2.077(2)
2.096(2),
2.100(2),
2.112(2)
1.277(2),
1.279(2),
1.292(2)
37.7(1)
[ZnL](ClO4)2 2.143(2),
2.164(2),
2.174(2)
2.152(2),
2.157(2),
2.180(2)
1.262(3),
1.273(3),
1.274(3)
28.8(2)
[CdL]
(ClO4)2·0.5H2O
2.321(4),
2.342(3),
2.355(4)
2.311(4),
2.316(4),
2.334(4)
1.260(6),
1.263(6),
1.272(5)
20.3(5)
Fig. 11 The molecular species found with the crystalline lattice of [Cu
(hytamipy2)Cl2].
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presence of one particular metal ion, Fe(II), though they do
occur, slowly, with at least Zn(II) as well. The origins of the
specific effects of Fe(II) and of metal-ion promotion of the reac-
tions in general are not fully understood, although it is clear that
there is a balance between favourable binding to imine-N and
the activation towards nucleophilic attack (specifically by water,
causing hydrolysis) of the imine-C which results from this
coordination. Clearly also, binding of the imine form is only
favourable where it is associated with chelate ring formation,
possibly only when the exocyclic CvN bond is conjugated with
the endocyclic (pyridine) CvN bond.
The presence of a hydroxyl substituent in hytame does raise
the possibility of tetrahydro-oxazine as well as aminal formation,
although any evidence for the presence of tetrahydro-oxazines in
equilibrium mixtures is minimal and isolation of both hytime
and triaza-adamantane species with “free” hydroxyl substituents
is straightforward and efficient. This may be significant, since
the hydroxyl group then provides a site for introducing
additional functionality to both species, as is known for certain
triaza-adamantanes. For an interfacially active hytime complex,
for example, the ability to introduce redox- or photo-active sub-
stituents at the hydroxyl site may enhance the possible appli-
cations of such a species. We have progressed on this point to
the preparation of a [Fe(hytime)]2+ analogue where each pyridyl
ring has 5-octadecyloxy substituent but are yet to introduce func-
tionality on the hydroxyl group.
Experimental
Chemicals and equipment
Commercial reagents and solvents were used without further
purification, except for the pyridine aldehydes, which were
passed through a short column of alumina immediately prior to
use. Dimethylsulfoxide solvates of metal salts were prepared as
described elsewhere.50,55 Solution NMR spectra were recorded
using a Bruker Avance 400 MHz (1H) instrument. Electronic
spectra were recorded on a JASCO V-670 spectrophotometer and
IR spectra on a JASCO 715 instrument using KBr discs.
Elemental analyses were carried out with a Chemtronics
TEA-3000 instrument.
Synthesis
1. 3-Amino-2,2-bis(aminomethyl)propan-1-ol, hytame.
CAUTION! This synthesis involves the preparation of an inter-
mediate triazide. Although, in partial accord with others,18d,31,42
we have not experienced problems with this neopentyl system, its
apparent stability18d is doubtless of kinetic origin and a safety
shield should be used at all stages prior to the isolation of the
triamine.
A solution of pentaerythritol tribromide (40.0 g) and NaN3
(24.0 g) in DMSO (200 mL) was stirred and heated at 80 °C for
48 h to give a finally pale yellow solution. This was diluted with
water (1 L) and extracted with CHCl3 (3 × 200 mL). The com-
bined extracts were washed with water (3 × 200 mL) and dried
over Na2SO4 (10 g). After filtration, the CHCl3 was removed
from the solution (the temperature should be sufficient to achieve
only this) by evaporation under reduced pressure, leaving a pale
yellow oil. Yield, 21.0 g. It was used in the next step without
purification. Under a nitrogen atmosphere, LiAlH4 (23.0 g in
300 mL THF) was added slowly to a solution of the triazide
(21.0 g) in THF (200 mL) over 2 h and the final mixture then
heated at 80 °C for 3 d. Water–THF (1 : 1, 30 mL) was added
dropwise over 2 h to the cooled mixture and it was then stirred
for a further 2 h. The precipitated solids were removed by
filtration and washed with ethanol (200 mL). 6 mol L−1 HCl
(20 mL) was added to the combined filtrate plus wash, resulting
in immediate formation of a white precipitate. This was collected
by filtration, washed with ethanol and dried under air. Yield,
19.3 g. The solid was recrystallised by dissolution in the
minimum amount of water and gradual addition of ethanol.
Analysis: Calc. for hytame·3HCl = C5H18Cl3N3O: C 24.76, H
7.48, N 17.32. Found: C 24.6, H 7.5, N 17.4%. 1H NMR
(400 MHz) in D2O: δ 3.79 (s, 2H, CH2OH), 3.24 (s, 6H,
C–CH2–N). Crystals suitable for X-ray diffraction measurements
were obtained by vapour diffusion of ethanol into a concentrated
aqueous solution. To obtain the triflate salt, hytame·3HCl
(48 mg) was finely ground then mixed with CF3SO3H (0.5 mL)
and heated at 60 °C until further evolution of HCl was not
evident. The partially solidified, cooled mass was dissolved in
ethanol (3 mL), filtered and mixed with diethyl ether to cause
deposition of fine, white needles. Yield: 57 mg. This material
was recrystallised from the minimum volume of ethanol by the
addition of diethyl ether. 1H NMR (400 MHz) in d6-DMSO: δ
7.80 (br. s, 9H, NH3
+), 5.65 (br. s, 1H, OH), 3.52 (s, 2H,
CH2OH), 3.00 (br. s, 6H, C–CH2–N).
An aqueous solution of the free amine could be obtained by
passing a concentrated aqueous solution of the trihydrochloride
through a column containing an excess of Dowex 1 × 8
(OH− form) anion exchange resin.
2. Bis(3-amino-2,2-bis{aminomethyl}propan-1-ol)zinc(II)
chloride, [Zn(hytame)2]Cl2. Hytame·3HCl (0.24 g) and Zn
(O2CCH3)2·2H2O (0.11 g) were slurried in water (1 mL) and the
mixture heated until a clear solution had formed. This was taken
to dryness under reduced pressure and the residue slurried with
ethanol before being taken to dryness again. This was repeated
until the smell of CH3CO2H could not be detected on the
residue. The final white residue was mixed with water (1 mL)
containing triethylamine (0.32 g; excess if all CH3CO2H had
volatilised) to give a clear solution, which was then diluted with
ethanol (10 mL) to produce a crystalline, white precipitate. This
was recrystallised from water (2 mL) containing a few drops of
triethylamine by addition of ethanol. Yield: 0.19 g. 1H NMR
(400 MHz) in d6-DMSO: δ 4.40 (br. s, 1H, OH), 2.97 (s, 2H,
CH2OH), 2.80 (v. br., 6H, NH), 2.72 (br. s, 6H, C–CH2–N).
3. 1,3,5-Triaza-8-hydroxymethyl-2,4,6-tripyridyl-adamantanes –
the cyclic triaminals derived from hytame and pyridine alde-
hydes, TZA2, TZA3 and TZA4. In early experiments designed
to produce saturated hexadentate ligands by reductive alkylation
of hytame with the isomeric pyridine aldehydes, the products
actually isolated and subsequently crystallographically character-
ised were found to be the unreduced aminals. Consequently, sim-
plified procedures were developed to produce the aminals
directly, though all were still obtained initially as isomeric
mixtures.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4349
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3.1 Pyridine-2-aldehyde derivatives, ae2TZA2 and e3TZA2, the
monoaxial–diequatorial and triequatorial isomers of 1,3,5-triaza-8-
hydroxymethyl-2,4,6-tris(2-pyridyl)-adamantane. (a) Hytame·3HCl
(0.486 g) and Na2CO3 (1.26 g) were dissolved in water (5 mL)
and mixed with pyridine-2-aldehyde (0.65 g) in water (5 mL) to
give a pale yellow solution. This was heated at 90 °C for 5 min
as an oily, brownish precipitate formed. The mixture was
allowed cool and then stood at room temperature for 12 h,
during which time the precipitate transformed into a crystalline
mass, which was dissolved in methanol (10 mL), filtered and
taken to dryness under vacuum to give a white powder (1.05 g).
Although giving a satisfactory elemental analysis (Anal. calcd
for C23H24N6O·H2O: C 66.01, H 6.26, N 20.08; found: C 66.1,
H 6.4, N 20.1%, after vacuum drying), both TLC and NMR
spectroscopy indicated it to be a mixture. The whole material
was dissolved in methanol (5 mL) and mixed with water (5 mL)
to give, after 2 h, well-developed crystals (0.38 g) of the mono-
axial–diequatorial isomer, ae2TZA2.
1H NMR (400 MHz) in
d6-DMSO: δ 8.65 (d, J 7 Hz, 2H, C5H on equatorial pyridyl),
8.60 (d, 1H, C5H on axial pyridyl), 7.86 (m, 4H), 7.77 (d, 2H),
7.32 (m, 3H), 5.67 (s, 1H, aminal unit methine CH of axial
pyridyl), 5.45 (s, 2H, aminal unit methine protons of equatorial
pyridyls), 4.20 (t, 1H, OH), 3.2 (d, overlapped by water peak)
and 3.1 (d, 2H) diastereotopic protons of the two equivalent
methylene groups, 2.90 (s, 2H, CH2 group lying on the sym-
metry plane), 2.70 (d, 2H, CH2OH). Further additions of water
to the 2 h filtrate produced more crystalline materials but these
were in all cases mixtures of both ae2TZA2 and e3TZA2 and it
was not found possible to obtain a pure bulk sample of the tri-
equatorial isomer (though individual crystals could be selected
from the mixtures). 1H NMR (400 MHz) in d6-DMSO: δ 8.70
(d, 3H, C5H on equatorial pyridyls), 7.88 (m, 6H), 7.36 (t, 3H),
5.78 (s, 3H, aminal unit methine protons of equatorial pyridyls),
4.01 (t, 1H, OH), 2.85 (s, 6H, C–CH2–N), 2.41 (d, 2H, CH2OH)
(obtained by subtraction of the ae2TZA2 peaks from the total
spectrum).
(b) If double the volume of water was used in preparing the
initial solution and the mixture was not heated but simply left at
room temperature, no oily material formed and only very well-
developed crystals of what appeared to be exclusively ae2TZA2
deposited gradually over several days. X-ray structure determi-
nations showed these crystals to be those of a trihydrate but, on
allowing a dichloromethane solution to slowly evaporate, crys-
tals of the monohydrate (also characterised by X-ray crystallo-
graphy) were obtained.
3.2 Pyridine-3-aldehyde derivatives, ae2TZA3 and e3TZA3, the
monoaxial–diequatorial and triequatorial isomers of 1,3,5-triaza-8-
hydroxymethyl-2,4,6-tris(3-pyridyl)-adamantane. (a) Substitution
of pyridine-3-aldehyde for pyridine-2-aldehyde in procedure 3.1
(a) led to essentially identical observations, the crude product
again being a mixture of two isomers. Recrystallisation from
methanol–water or from ethanol alone led again to ready iso-
lation of the pure monoaxial–diequatorial isomer, ae2TZA3.
Anal. calcd for C23H24N6O: C 68.98, H 6.04, N 20.99; found: C
69.0, H 6.1, N 21.2%, after vacuum drying. 1H NMR
(400 MHz) in d6-DMSO: δ 8.95 (s, 1H, C2H on axial pyridyl),
8.87 (s, 2H, C2H on equatorial pyridyls), 8.55 (d, 2H), 8.50
(d, 1H), 8.07 (d, 1H), 8.04 (d, 2H), 7.46 (q, 2H), 7.41 (q, 1H),
5.80 (s, 1H, aminal unit methine CH of axial pyridyl), 5.40
(s, 2H, aminal unit methine protons of equatorial pyridyls), 4.28
(t, 1H, OH), 3.3 (d, overlapped by water peak) and 3.23 (d, 2H)
diastereotopic protons of the two equivalent methylene groups,
2.84 (s, 2H, CH2 group lying on the symmetry plane), 2.76
(d, 2H, CH2OH). The triequatorial isomer e3TZA3 could not be
obtained pure in significant amounts and the crystal on which its
structure determination was performed in fact was selected from
a mass which, spectroscopically, appeared to be almost exclu-
sively the isomer ae2TZA3.
1H NMR (400 MHz) in d6-DMSO:
δ 8.97 (s, 3H), 8.57 (d, 3H), 8.14 (d, 3H), 7.48 (m, 3H), 5.94
(s, 3H, aminal unit methine protons), 4.07 (t, 1H, OH), 2.87
(s, 6H, C–CH2–N), 2.47 (d, 2H, CH2OH). (These shifts were
obtained by subtracting the peaks for the ae2 isomer from the
spectrum of a mixture.)
Again, a room temperature preparation led to the deposition of
well-developed crystals of ae2TZA3 only.
(b) (Zn(II)-catalysed synthesis) A solution of Zn
(O2CCH3)2·2H2O (0.40 g) and pyridine-3-aldehyde (0.53 g) in
water (10 mL) was mixed with a solution of hytame·3HCl
(0.40 g) and NaOH (0.20 g) in water (10 mL). Formation of a
white, crystalline precipitate began within a few seconds and
was copious after 10 min. After 1 h, Na4EDTA (0.6 g) was
added (to remove Zn(II) from the precipitated material) and the
mixture stirred vigorously for 5 min before the insoluble material
(0.47 g) was collected. This was a mixture of ae2TZA3 and
e3TZA3 (∼10 : 1) but on standing the filtrate overnight, another
0.46 g of material was obtained which was almost exclusively
ae2TZA3.
3.3 Pyridine-4-aldehyde derivatives, ae2TZA4 and e3TZA4, the
monoaxial–diequatorial and triequatorial isomers of 1,3,5-triaza-8-
hydroxymethyl-2,4,6-tris(4-pyridyl)-adamantane. (a) Substitution
of pyridine-4-aldehyde for pyridine-2-aldehyde in procedure 3.1
(a) led to essentially identical observations, the crude product
again being a mixture of two isomers (contaminated with some
4-pyridylmethanol that remained soluble on recrystallisation).
Recrystallisation from methanol–water or from ethanol alone led
again to ready isolation of the pure monoaxial–diequatorial
isomer, ae2TZA4. Anal. calcd for C23H24N6O·0.5H2Ov
C23H25N6O1.5: C 67.46, H 6.15, N 20.52; found: C 67.6, H 6.0,
N 20.3%. 1H NMR (400 MHz) in d6-DMSO: δ 8.68 (d, 4H),
8.62 (d, 2H), 7.70 (br. m, 6H), 5.76 (s, 1H, aminal unit methine
CH of axial pyridyl), 5.23 (s, 2H, aminal unit methine protons
of equatorial pyridyls), 4.32 (t, 1H, OH), 3.22 (q, 4H), 2.82
(s, 2H, CH2 group lying on the symmetry plane), 2.73 (d, 2H,
CH2OH). The triequatorial isomer e3TZA4 could not be obtained
pure in significant amounts though a crystal selected (by chance)
from a mixture recrystallised from ethanol by vapour diffusion
of diethylether proved to be of this isomer. 1H NMR (400 MHz)
in d6-DMSO: δ 8.71 (d, 6H), 7.80 (d, 6H), 5.84 (s, 3H,
aminal unit methine protons), 4.12 (t, 1H, OH), 2.78 (s, 6H,
C–CH2–N), 2.51 (d, 2H, CH2OH).
A room temperature preparation under higher dilution led
initially (within 12 h) to the deposition of some oily material
which transformed over several days into well-developed crystals
of ae2TZA4 only.
(b) (Zn(II)-catalysed synthesis) A solution of Zn
(O2CCH3)2·2H2O (0.80 g) and pyridine-4-aldehyde (1.10 g) in
water (25 mL) was mixed with a solution of hytame·3HCl
(0.80 g) and NaOH (0.40 g) in water (25 mL). Formation of a
4350 | Dalton Trans., 2012, 41, 4335–4357 This journal is © The Royal Society of Chemistry 2012
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white, crystalline precipitate began within a few seconds and
was copious after 10 min. After 2 h, Na4EDTA (1.2 g) was
added (to remove Zn(II) from the precipitated material) and the
mixture stirred vigorously for 5 min before the insoluble material
(0.81 g) was collected. This was almost exclusively ae2TZA4
but on standing the filtrate overnight, another 0.43 g of nicely
crystalline material was obtained which was a mixture of
ae2TZA4 and e3TZA4 (∼10 : 1).
4. Metal complexes of the tri-imine derived from hytame
and pyridine-2-aldehyde (“hytime”). Following literature pre-
cedents showing that the Fe(II) complex of the tri-imine derived
from tame and pyridine-2-aldehyde could be obtained both by a
“template” procedure40,41 involving reaction of Fe(II) with the
components and by a “rearrangement” procedure32 involving
reaction of Fe(II) with the preformed triaza-adamantane, both
procedures were investigated for the formation of several tran-
sition metal ion complexes of the hytame derivative. In all cases,
the template reaction was by far the quicker. The rearrangement
reactions were in fact investigated under various conditions with
the intent of optimising yields but the relatively harsh procedure
of reaction of the metal salt with a solution of an equimolar
amount of the triaza-adamantane in water at 90 °C was applied
to all to provide direct comparisons. In these experiments,
the triaza-adamantane was used in the form of the monoaxial–
diequatorial isomer containing 5–10% of the triequatorial.
4.1 Fe(II) complex
4.1(a) Template method: Hytame·3HCl (0.24 g) and (NH4)2[Fe
(OH2)6](SO4)2 (0.39 g) were dissolved in water (5 mL), giving
an essentially colourless solution. Addition of a solution of pyri-
dine-2-aldehyde (0.32 g) in water (5 mL) led to immediate
development of an intense violet colouration which was not dis-
cernibly deepened by the addition of NaOH (0.12 g) in water
(1 mL) to ensure complete deprotonation of the amine. After
15 min, the mixture was filtered to ensure no insoluble material
was present (none was detected) and NaClO4 (5 g) dissolved in
the filtrate to produce a precipitate of fine, violet, needle-like
crystals. After deposition equilibrium had been reached, the crys-
tals were collected, washed with a little water–ethanol, then
ethanol and ether, and air-dried. Yield: 0.57 g. The complex was
recrystallised from hot water by slow cooling of the solution to
obtain lustrous, violet needles. The explosive nature of this com-
pound prevented reliable elemental analyses being obtained. 1H
NMR (400 MHz): (a) in d6-DMSO, δ 9.18 (s, 3H, imine CH),
8.38 (d, 3H), 8.24 (t, 3H), 7.69 (t, 3H), 7.33 (d, 3H), 5.39 (t, 1H,
OH), 4.11 (d) and 3.88 (d), 3.62 (d, 2H, CH2OH); (b) in D2O, δ
8.98 (br. s., 3H), 8.13 (d,), 8.04 (t, 3H), 7.44 (t, 3H), 7.31
(d, 3H), 4.08 (d, 2H) and 3.83 (d, 2H), 3.74 (s, 2H, CH2OH).
4.1(b) Rearrangement method: (NH4)2[Fe(OH2)6](SO4)2
(39 mg) was added to a hot (90 °C) solution of TZA2 (40 mg)
in water (2 mL) obtained by sonication, and heating was contin-
ued for 10 min. (Cation exchange chromatography on SP
Sephadex indicated that reaction was essentially complete after
5 min.) NaClO4 (100 mg) was then added and the solution
allowed to cool. The violet crystals deposited were collected,
washed with ice-cold water (1 mL), then 1 : 3 ethanol–ether, and
air dried. Yield: 50 mg. (A similar yield was obtained by con-
ducting the reaction in methanol at reflux for 2 h.)
Crystals suitable for X-ray diffraction measurements were
obtained by allowing a solution in 1 : 1 methanol–water to evap-
orate slowly at room temperature.
4.2 Co(II) and Co(III) complexes
4.2(a) Template method (Co(II)): A solution of [Co(OH2)6]
(ClO4)2 (0.36 g) and pyridine-2-aldehyde (0.32 g) in water
(1 mL) was rapidly mixed with a solution of hytame·3HCl
(0.24 g) and triethylamine (0.4 mL) in water (5 mL), giving a
deep brown–yellow solution from which small, yellow–brown,
needle-like crystals began to deposit almost immediately. After
30 min, these were collected (note that the filtrate was bright
yellow), washed with ∼1 M NaClO4, water, ethanol and ether,
and air dried. Yield: 0.52 g. This material dissolved in conc. HCl
to give immediately a blue solution, as expected for a Co(II)
complex. Analysis: calc. for [Co(L)](ClO4)2·1/2H2O = C23H25
CoCl2N6O9.5: C 41.40, H 3.78, N 12.59; found, C 41.3, H 3.6,
N 12.5%. 1H NMR (400 MHz) in d6-DMSO: δ 70.6 (s), 59.3
(s), 41.3 (s), 17.7 (s), −2.0 (s). Some nice yellow crystals
(100 mg) of the Co(III) complex slowly deposited from the
filtrate. 1H NMR: (a) in d6-DMSO δ: 9.00 (br. s, 3H), 8.59
(m, 6H), 7.95 (t, 3H), 7.14 (d, 3H), 5.62 (br. s, 1H), 4.23
(d, 3H), 3.88 (d, 3H), 3.69 (br. d, 2H); (b) in D2O: δ 8.95 (v. br.
d, 3H), 8.50 (m, 6H), 7.85 (t, 3H), 7.14 (br. s, 3H), 4.09 (br.
m, 6H), 3.88 (s, 2H).
4.2(b) Rearrangement method: Reaction between Co
(O2CCH3)2 and TZA2 in water at 90 °C appeared to produce
numerous materials but after 30 min reaction, both pyridine-2-
aldehyde and hytame (identified by 1H NMR spectroscopy after
chromatography of the reaction mixture on Dowex 50Wx2
cation exchange resin) were present as major species, indicating
that ligand hydrolysis was predominant. Under the following
milder conditions, however, it seemed that a Co(III)-induced
rearrangement did occur. TZA2 (1.4 g) was dispersed in water
(100 mL) and Na3[Co(CO3)3] (1.2 g) added. The mixture was
stirred for 24 h before addition of 2 mol L−1 HCl (10 mL). The
orange solution produced was diluted to 500 mL with water and
absorbed onto a column of Dowex 50Wx2 (H+ form) resin. This
was washed with water (500 mL) and 0.5 mol L−1 HCl
(500 mL; to remove Na+), then eluted with 2 mol L−1 HCl to
give two bands. The leading pink band of Co(II) aqua-ion was
discarded and the second yellow band collected and evaporated
to dryness under reduced pressure. The residue was crystallised
from water by the addition of ethanol. Yield: 1.2 g. Addition of
NH4PF6 to a concentrated aqueous solution followed by vapour
diffusion of ethanol into this solution produced yellow crystals
of the hexafluorophosphate salt suitable for a structure determi-
nation. Anal. calc. for [Co(hytime)](PF6)3 = C23H24CoF18
N6OP3: C 30.89, H 2.70, N 9.40; found C 31.5, H 2.93, N
9.31%. 1H NMR (400 MHz) see above (for perchlorate salt).
Visible spectrum (in DMSO): λmax = 445 nm, log εmax = 2.32;
λmax = 628 nm (br), log εmax = 0.46.
4.3 Ni(II) complex
4.3(a) Template method: A solution of Ni(CH3CO2)2·4H2O
(0.25 g) and pyridine-2-aldehyde (0.32 g) in water (1 mL) was
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4351
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rapidly mixed with a solution of hytame·3HCl (0.24 g) and
triethylamine (0.4 mL) in water (5 mL), giving within a few
seconds a clear yellow–brown solution. This was filtered and
NaClO4 (1 g) dissolved in to cause immediate precipitation of a
brown powder which transformed on standing into clusters of
small yellow–brown plates. After 2 h, the precipitate was col-
lected and washed with water, a little ethanol, then ether and
dried in the air. Yield: 0.48 g. Recrystallisation from hot water
by cooling to room temperature provided fine, brown needles.
Analysis: Calc. for [Ni(L)](ClO4)2·1/2H2O = C23H25Cl2N6
NiO9.5, C, 41.41; H, 3.78; N, 12.60; Found, C, 41.2; H, 3.8; N,
12.5%. Visible spectrum (in water): λmax = 500 nm (sh), log
εmax = 1.82; λmax = 625 nm (br), log εmax = 1.20.
1H NMR in
D2O: only six extremely broad and weak peaks, some partly
overlapping, could be detected between δ 0–50 ppm.
4.3(b) Rearrangement method: Addition of Ni
(O2CCH3)2·4H2O (24 mg) to a hot solution of TZA2 (39 mg) in
water (2 mL; 90 °C) provided a pale blue solution which, on
continued heating for 2 h, slowly turned a dull brownish colour.
Addition of NaClO4 (100 mg) and cooling resulted in the depo-
sition of fine, brown needles of [Ni(hytime)](ClO4)2, leaving a
pale blue supernatant solution. Yield: 10 mg. If the period of
heating was extended to 5 h, the yield diminished slightly to
8 mg. (Similar yields were obtained on reaction in methanol at
reflux for 2 h.)
Crystals suitable for X-ray diffraction measurements were
obtained by slow evaporation of an aqueous solution.
4.4 Cu(II) complex
4.4(a) Template method: (i) Hytame·3HCl (24 mg) and Cu
(O2CCH3)2·H2O (20 mg) were dissolved in water (1 mL) to give
a deep blue solution. Pyridine-2-aldehyde (35 μL) was added,
causing the solution to turn a lighter greenish-blue colour. After
5 min, NaClO4 (100 mg) was added, causing immediate precipi-
tation of green–blue crystals. After 1 h, these were collected,
washed with water (1 mL) and air-dried. Yield: 39 mg. This
product appeared to be a mixture and separate complexes were
only readily obtained by modification of the procedures.
(ii) (The following procedure was based upon the stoichi-
ometry [2Cu–hytame unit] of the product of an initial attempt
to conduct a copper-induced rearrangement which had been
terminated after only partial reaction. The stoichiometry was
established by a preliminary X-ray structure determination.)
Hytame·3HCl (0.24 g) and Cu(ClO4)2·6H2O (0.77 g) were dis-
solved in water (10 mL), forming a clear blue solution. Addition
of pyridine-2-aldehyde (0.32 g) caused the blue colour of the
solution to darken dramatically. Final addition of triethylamine
(0.41 g) led to the immediate and copious formation of a crystal-
line, greenish-blue solid, contaminated with a small amount of
violet powder. It was collected by filtration, washed with water,
ethanol and ether, and air-dried. Yield: 0.71 g. Recrystallisation
from water (∼80 °C, 25 mL) removed the contaminant, provid-
ing small, green–blue rod-like crystals marginally suitable for
X-ray diffraction measurements. Analysis: Calc. for [Cu4(hytime
– H)2](ClO4)6·6H2O = C46H58Cl6Cu4N12O32 C, 31.43; H, 3.33;
N, 9.56; Found C, 31.4; H, 3.2; N, 9.5%.
(iii) (This procedure again was based on the stoichiometry
observed in a structure determined on a crystal isolated from
extensive fractionation of the product of a synthesis as described
in (i) above.) Hytame·3HCl (30 mg) and CuCl2·2H2O (21 mg)
were dissolved in water (0.2 mL), forming a clear, pale-blue sol-
ution. Addition of pyridine-2-aldehyde (26 mg) caused the
colour of the solution to change to deep blue, a colour which
became slightly darker on addition of triethylamine (30 mg).
After 1 h, the solution was diluted with water and absorbed on a
small column of Na+-form SP Sephadex C25 cation exchange
resin. Elution with 0.3 mol L−1 NaCl produced a single deep
blue band. Its eluate was taken to dryness and the complex separ-
ated from NaCl by extraction into ethanol. Slow evaporation of
the ethanol extract provided crystals suitable for an X-ray struc-
ture determination. Analysis: Calc. for [Cu(hytamipy2)Cl2] =
C17H19Cl2CuN5O C, 45.80; H, 4.75; N, 15.71; Found: C, 46.4;
H 4.78; N, 15.8%.
4.4(b) Rearrangement method: Addition of Cu
(O2CCH3)2·H2O (20 mg) to a hot solution of TZA2 (39 mg) in
water (2 mL; 90 °C) and continued heating for 30 min provided
a dark green–blue solution. Addition of NaClO4 (100 mg) and
cooling resulted in the deposition of an amorphous yellowish-
green solid which was seemingly a mixture but was not further
investigated. Yield: 18 mg.
4.5 Zn(II) complex
4.5(a) Template method: Zn(O2CCH3)2·2H2O (23 mg) and hyta-
me·3HCl (24 mg) were dissolved in water (1 mL). Excess pyri-
dine-2-aldehyde (42 mg) was added to give a clear, pale yellow
solution. Triethylamine (30 mg) was then dissolved in and the
clear solution was allowed stand for 15 min at room temperature
before NaClO4 (100 mg) was added. A pale yellow, crystalline
precipitate formed immediately and, after allowing the mixture
to stand another 30 min, the solid was collected, washed with
water (1 mL), then ethanol–ether (1 : 1) and air-dried. Yield:
48 mg. The complex was recrystallised from hot water by
cooling on ice. 1H NMR: (a) in d6-DMSO) δ 8.87 (d, 3H), 8.83
(s, 3H), 8.39 (t, 3H), 8.13 (d, 3H), 7.95 (t, 3H), 5.42 (t, 1H),
4.11 (s, 6H), 3.53 (d, 2H); in D2O δ 8.64 (d, 3H), 8.62 (s, 3H),
8.20 (t, 3H), 7.90 (d, 3H), 7.75 (t, 3H), 4.09 (s, 6H), 3.66
(s, 2H). In both solvents, the triplet aromatic proton signals
showed evidence of higher-order coupling. Analysis: Calc. for
[Zn(hytime)](ClO4)2 = C23H24Cl2N6O9Zn: C 41.55, H 3.64, N,
12.64; Found: C 42.0, H 3.7, N 12.6%. (If Zn(BF4)2 was used in
place of the acetate and NaClO4 was not added, the more soluble
tetrafluoroborate salt of the complex was obtained directly as
pale yellow crystals. Analysis: Calc. for [Zn(hytime)](BF4)2 =
C23H24B2F8N6OZn, C, 43.85; H, 3.84; N, 13.34; Found C, 44.0;
H, 4.1; N, 13.3%.)
4.5(b) Rearrangement method: L1·H2O (0.11 g, mixed
isomers) was dissolved in ethanol (5 mL) and Zn(NO3)2·6H2O
(0.13 g in 5 mL ethanol) and LiClO4 (0.1 g) added before
heating at 50 °C for 10 min. On cooling, the off-white crystals
were collected by filtration, washed with cold ethanol and dried
under vacuum. Yield, 0.11 g. Crystals suitable for X-ray diffrac-
tion measurements were obtained by slow evaporation of an
aqueous methanol solution.
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4.6 Cd(II) complex
4.6(a) Template method: Cd(O2CCH3)2·2H2O (0.27 g) and hyta-
me·3HCl (0.24 g) were dissolved in water (5 mL). Pyridine-2-
aldehyde (0.32 g) was added and crystals began to deposit from
the pale yellow solution even before the addition of triethyl-
amine (0.31 g). After 1 h, the crystals were collected by filtration
and washed with water, ethanol and ether. Yield: 0.31 g. The
ligand present in this material was very largely the triaza-ada-
mantane. Addition of NaClO4 (1 g) to the filtrate produced a
crystalline precipitate (0.13 g) identified (by 1H NMR) as the tri-
imine ligand complex. Analysis: Calc. for [Cd(hytime)](ClO4)
Cl·H2O = C23H26CdN6O6, C, 41.49; H, 3.94; N, 12.62; Found
C, 41.5; H, 3.7; N, 12.5%. 1H NMR (400 MHz) in d6-DMSO:
δ 9.27 (br. s, 3H), 8.71 (t, 3H), 8.25 (t, 3H), 7.98 (d, 3H),
7.89 (m, 3H), 5.34 (br. s, 1H), 4.17 (s, 6H), 3.47 (d poorly
resolved, 2H).
4.6(b) Rearrangement method: TZA2 (0.11 g, mixed isomers)
was dissolved in ethanol (5 mL) and Cd(NO3)2·4H2O (0.10 g in
3 mL water) and LiClO4 (0.1 g) added before heating at 50 °C
for 2 h. On cooling, the off-white crystals that precipitated were
collected by filtration, washed with cold ethanol and dried under
vacuum. Yield: 0.090 g. Crystals suitable for X-ray diffraction
measurements were obtained by slow evaporation of an aqueous
methanol solution and the structure solution showed them to be
of the composition [Cd(hytime)](ClO4)2. No significant amount
of the tri-imine complex was obtained on reacting TZA2 with
Cd(II) acetate in water at 90 °C.
Crystallography. The data for ae2TZA2·H2O, ae2
TZA3·0.5H2O, ae2TZA4·0.5Et2O·0.5H2O, e3TZA4·EtOH,
[CoL](PF6)3, [ZnL](ClO4)2 and [CdL](ClO4)2·0.5H2O were col-
lected at CEA-Saclay on a Nonius Kappa-CCD area detector dif-
fractometer56 using graphite-monochromated Mo-Kα radiation
(λ 0.71073 Å). The crystals were introduced in glass capillaries
with a protecting “Paratone-N” oil (Hampton Research) coating.
The unit cell parameters were determined from ten frames, then
refined on all data. The data (combinations of φ- and ω-scans
giving complete data sets up to θ = 25.7°) were processed with
HKL2000.57 The structures were solved by direct methods with
SHELXS-97 and subsequent Fourier-difference synthesis and
refined by full-matrix least-squares on F2 with SHELXL-97.58
Absorption effects in the metal complexes were corrected
empirically with the program SCALEPACK.57 All non-hydrogen
atoms were refined with anisotropic displacement parameters.
The hydrogen atoms bound to oxygen atoms were found on
a Fourier-difference map and all the others were introduced at
calculated positions. All were treated as riding atoms with an iso-
tropic displacement parameter equal to 1.2 times that of the
parent atom. For e3TZA4·EtOH, in the absence of a suitable
anomalous scatterer, the Friedel pairs were merged and no Flack
parameter was calculated. Using identical equipment and the
same procedures as above, data for ae2TZA2·3H2O were
obtained at the University of Strasbourg (Service de
Radiocristallographie).
X-ray structural data for e3TZA2·H2O, [ZnL](ClO4)2 (repeat
determination), [CoL](ClO4)3·MeOH and [NiL](ClO4)2·CH3OH
were collected on a Bruker-Nonius APEX2-X8-FR591 diffracto-
meter employing graphite-monochromated Mo-Kα radiation
generated from a rotating anode (0.71073 Å) with ω and ψ
scans. Data for [FeL](ClO4)2·H2O were collected with ω scans
using a Bruker SMART 1000 diffractometer employing graph-
ite-monochromated Mo-Kα radiation generated from a sealed
tube (0.71073 Å). Data were collected at 150 K to approximately
56° 2θ. Data integration and reduction were undertaken with
SAINT and XPREP59 and subsequent computations were carried
out using the WinGX-32 graphical user interface.60 The struc-
tures were solved by direct methods using SIR97.61 Multi-scan
empirical absorption corrections were applied to the data set
using the program SADABS.62 Data were refined and extended
with SHELXL-97.58 In general non-hydrogen atoms with occu-
pancies greater than or equal to 0.5 were refined anisotropically.
Carbon and alcohol-bound hydrogen atoms were included in
idealised positions and refined using a riding model. Water-
bound hydrogen atoms were first located in the difference
Fourier map before refinement with bond length and angle
restraints as required to facilitate realistic modelling.
X-ray diffraction data for e3TZA3, [hytameH3]Cl3 were col-
lected at 293(2) and [Cu(hytamepy2)Cl2] and at 100 K, using an
ADSC Quantum210 detector at Beamline 4A MXW at the
Pohang Light Source. Crystal evaluation and data collection
were done using λ = 0.76999 Å radiation with a detector-to-
crystal distance of 6.0 cm. Preliminary cell constants and an
orientation matrix were determined from 36 sets of frames col-
lected at scan intervals of 5° with an exposure time of 1 s per
frame. The basic scale files were prepared using the program
HKL2000.57 The reflections were successfully indexed by the
automated indexing routine of the DENZO program.57 The
finally measured reflections (see Table 1) were harvested by col-
lecting 72 sets of frames with 5° scans and an exposure time of
1 s per frame. These highly redundant data sets were corrected
for Lorentz and polarisation effects; negligible corrections for
crystal decay were also applied. Space groups were assigned
using the program XPREP.59 The structure was solved by direct
methods58 and refined on F2 by full-matrix least-squares pro-
cedures.58 The hydrogen atoms were placed geometrically, with
N–H distances of 0.91 Å and C–H distances of 0.97 Å, and
these atoms were refined using a riding model.
Crystal data and structure refinement parameters are given in
Table 2. Specific details pertaining to the refinement models are
as follows:
ae2TZA4·0.5Et2O·0.5H2O: The atom O1B is disordered over
two positions which have been refined with occupancy par-
ameters constrained to sum to unity. Both diethylether solvent
molecules are disordered and they have been given occupancy
parameters of 0.5. Some restraints on bond lengths and/or displa-
cement parameters were applied for the atoms of the solvent
molecules. The hydrogen atom bound to O1A was found on a
Fourier-difference map and all the others were introduced at cal-
culated positions, except in the disordered parts.
e3TZA4·EtOH: Large voids in the lattice indicate the presence
of disordered ethanol solvent molecules. The SQUEEZE63 func-
tion of PLATON64 was employed to remove the contribution of
this electron density from the model.
[CoL](PF6)3: O1 was found to be disordered over two
positions which were refined with occupancy parameters con-
strained to sum to unity; only the hydrogen atom bound to the
predominant position was found.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4335–4357 | 4353
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Table 2 Crystal data and structure refinement details
[hytameH3]Cl3 ae2TZA2·H2O ae2TZA2·3H2O e3TZA2·H2O ae2TZA3·0.5H2O e3TZA3
Chemical formula C5H18Cl3N3O C23H26N6O2 C23H30N6O4 C23H26N6O2 C23H25N6O1.5 C23H24N6O
M (g mol−1) 242.57 418.50 454.48 418.50 409.49 400.48
Crystal system Orthorhombic Monoclinic Orthorhombic Triclinic Triclinic Monoclinic
Space group Pbca P21/n P212121 P1ˉ P1ˉ P21/c
a (Å) 9.4620(19) 9.3644(5) 9.2160(18) 9.4950(4) 9.9607(14) 9.4820(19)
b (Å) 12.156(2) 15.8507(6) 13.813(3) 10.8560(5) 10.8190(13) 26.344(5)
c (Å) 18.508(4) 14.2272(7) 17.342(4) 10.8600(5) 18.360(2) 7.7390(15)
α (°) 90 90 90 86.974(3) 82.815(7) 90
β (°) 90 105.960(3) 90 66.316(3) 83.582(7) 100.12(3)
γ (°) 90 90 90 82.209(3) 83.467(6) 90
V (Å3) 2128.8(7) 2030.38(17) 2207.6(8) 1015.68(8) 1940.7(4) 1903.1(7)
Z 8 4 4 2 4 4
T (K) 293(2) 100(2) 293(2) 150(2) 100(2) 293(2)
ρcalcd (g cm
−3) 1.514 1.369 1.349 1.368 1.402 1.398
μ (Mo-Kα) (mm
−1) 0.825 0.091 0.096 0.091 0.092 0.090
F(000) 1024 888 944 444 868 848
Reflections collected 7591 63 060 9490 55 430 49 248 7383
Independent reflections 2156 3857 5181 5815 7359 3946
Observed reflections (I > 2σ(I)) 1967 3155 5010 4215 4098 3082
Rint 0.062 0.033 0.068 0.047 0.076 0.0834
Parameters refined 113 280 311 294 550 283
R1 0.051 0.040 0.061 0.047 0.052 0.0735
wR2 0.144 0.108 0.169 0.128 0.123 0.2229
S 1.062 1.043 0.990 1.032 0.930 1.041
Δρmin (e Å
−3) −0.73 −0.22 −0.27 −0.25 −0.31 −0.31
Δρmax (e Å
−3) 0.70 0.20 0.79 0.41 0.20 0.29
ae2TZA4·0.5Et2O·0.5H2O e3TZA4·EtOH [CoL](PF6)3
[CoL]
(ClO4)3·MeOH [FeL](ClO4)2·H2O
[NiL]
(ClO4)2·MeOH
Chemical
formula
C25H30N6O2 C25H30N6O2 C23H24CoF18N6OP3 C24H28Cl3CoN6O14 C23H26Cl2FeN6O10 C24H28Cl2N6NiO10
M (g mol−1) 446.55 446.55 894.32 789.80 673.25 690.13
Crystal system Triclinic Orthorhombic Monoclinic Trigonal Monoclinic Monoclinic
Space group P1ˉ Iba2 P21/n R3ˉ P21/n P21/n
a (Å) 11.0543(6) 17.5800(14) 10.1138(4) 31.919(4) 9.1550(18) 9.491(5)
b (Å) 13.9730(12) 21.6924(16) 18.5737(10) 31.919(4) 21.020(4) 21.019(5)
c (Å) 15.4963(13) 12.8140(6) 16.9353(7) 18.413(2) 13.998(3) 14.122(5)
α (°) 78.685(4) 90 90 90 90 90
β (°) 84.184(4) 90 97.817(3) 90 90.497(3) 94.268(5)
γ (°) 83.431(5) 90 90 120 90 90
V (Å3) 2324.0(3) 4886.7(6) 3151.7(2) 16 246(3) 2693.6(9) 2809.4(19)
Z 4 8 4 18 4 4
T (K) 100(2) 100(2) 100(2) 150(2) 150(2) 150(2)
ρcalcd
(g cm−3)
1.276 1.214 1.885 1.453 1.660 1.632
μ (Mo-Kα)
(mm−1)
0.084 0.080 0.837 0.766 0.827 0.949
F(000) 952 1904 1784 7272 1384 1424
Reflections
collected
102 280 42 880 93 124 196 821 26 292 61 611
Independent
reflections
8785 2433 5992 9306 6467 8198
Observed
reflections
(I > 2σ(I))
6077 1806 5026 6117 5379 6676
Rint 0.035 0.072 0.033 0.0494 0.023 0.035
Parameters
refined
656 271 479 421 412 408
R1 0.070 0.080 0.033 0.096 0.038 0.037
wR2 0.220 0.192 0.086 0.320 0.107 0.106
S 1.053 1.034 1.047 1.200 1.039 1.062
Δρmin (e Å
−3) −0.36 −0.22 −0.49 -0.68 −0.45 −0.52
Δρmax (e Å
−3) 1.46 0.22 0.61 0.99 0.90 0.78
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[ZnL](ClO4)2: One perchlorate ion is disordered over two pos-
itions sharing three oxygen atoms; the disordered atoms were
refined with occupancy parameters of 0.5.
[CdL](ClO4)2·0.5H2O: One perchlorate ion is disordered over
two positions sharing three oxygen atoms; the occupancy para-
meters of the disordered atoms have been first refined, then fixed
to the refined value of 0.5. The water solvent molecule has been
given an occupancy parameter of 0.5 since it is close to one of
the disordered perchlorate oxygen atoms. Restraints on displace-
ment parameters were applied for some badly behaving perchlor-
ate oxygen atoms.
ae2TZA2·3H2O: One of the solvent water molecules is dis-
ordered and was modelled over two positions with a total occu-
pancy of 1. The water-bound hydrogen atoms could not be
located in the difference Fourier map and were not modelled.
e3TZA2·H2O: The alcohol portion of the molecule is dis-
ordered and was modelled over two equal occupancy positions.
[ZnL](ClO4)2: The perchlorate anions are each disordered
over two positions and were modelled with a total occupancy of
1 each.
[CoL](ClO4)3·MeOH: The perchlorate anions are each disor-
dered and were modelled over two positions. The alcoholic part
of the ligand is also disordered and was modelled over three pos-
itions. There is a substantial void volume present in the structure
containing disordered solvent molecules. Despite many attempts
at modelling (including with rigid bodies) the positions of these
molecules could not be satisfactorily refined and subsequently
the SQUEEZE63 function of PLATON64 was employed to
remove the contribution of this disorder from the refinement
model, resulting in significantly better residuals.
[NiL](ClO4)2·CH3OH: One of the perchlorate anions is dis-
ordered and was modelled over two positions.
[FeL](ClO4)2·H2O: One of the perchlorate anions is signifi-
cantly disordered and was modelled over three positions. The
solvent water molecule is disordered and was modelled over four
positions. The water hydrogen atoms could not be located in the
difference Fourier map and were not included in the model.
e3TZA3: the alcohol portion of the molecule is disordered and
modelled over two equal occupancy positions.
[Cu(hytamepy2)Cl2]: The Flack
65 parameter refined to
0.00(1).
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